Processing through the use of high-pressure torsion is attracting much attention at the present time because of the potential for achieving exceptional grain renement. In principle, it appears that the thin disks used for high-pressure torsion processing should exhibit signicant heterogeneity in the as-processed condition. However, experiments show that the development of homogeneity or heterogeneity is dependent upon the crystalline structure of the material. For high-purity aluminum the as-processed microstructure is very homogeneous after ve or more revolutions of torsional straining but for the magnesium AZ31 alloy there is a considerable degree of heterogeneity in the as-processed disks.
Introduction
A reduction in grain size leads to higher strength in polycrystalline metals.
Therefore, thermo-mechanical treatments are used in the industrial processing of metals in order to achieve signicant grain renement in commercial alloys. However, there is a limitation with these procedures because they generally produce grain sizes of the order of a few micrometers and it is dicult or impossible to use this approach to achieve average grain sizes within the submicrometer range. As a consequence of these limitations, considerable interest has arisen over the last decade in the alternative procedure of processing metals through the application of severe plastic deformation (SPD).
Two typical SPD processing methods currently available are equal-channel angular pressing (ECAP) [1] and high-pressure torsion (HPT) [2] where these techniques are designed to impose very high strains in the processing operation without introducing any signicant change in the overall dimensions of the samples. The processing procedures of ECAP and HPT are eective in producing submicrometer arrays of grains or, in some metals, grains within the true nanometer (< 100 nm) range. It was shown through experiments that the grains produced by HPT are generally smaller than those achieved using ECAP [35] and, accordingly, HPT processing is therefore advancing rapidly to become a signicant processing procedure.
Processing by HPT is generally conducted using a thin disk which is placed between anvils, subjected to a high applied pressure, and then processed by torsional straining through rotation of one of the anvils. The strain * corresponding author; e-mail: langdon@usc.edu imposed in HPT may be estimated using the schematic illustration in Fig. 1 [4] . For a small rotation, dθ, corresponding to a displacement dℓ, it follows that dℓ = r dθ so that the shear strain, dγ, is given by r dθ/h where r and h are the radius and thickness of the disk, respectively. Putting θ = 2πN , it follows that the equivalent von Mises strain, ε eq , is given by an expression of the form [68]:
where N is the number of turns of the anvil. Inspection of Eq. (1) shows that the strain imposed in HPT varies with the position on the disk. Specically, it reaches a maximum at the edge of the disk whereas the strain is reduced to zero at the center where r = 0. This suggests that the microstructures introduced in HPT processing will be extremely inhomogeneous and they will vary as a function of the radial position within each disk. Fig. 1 . Parameters used in estimating the total strain in HPT [4] .
Despite the implications of inhomogeneity through Eq. (1), in early experiments where HPT was applied to pure nickel it was reported that there was a gradual evolution in structure, as recorded through microhardness measurements, towards a reasonable level of homogeneity throughout the disks. Furthermore, this evolution
occurred with either increasing applied pressure, P , or increasing numbers of revolutions in the processing operation [4, 9] . Later experiments conrmed this evolution towards homogeneity [1017] and the evolution process was successfully modeled using strain gradient plasticity theory [18] . high-purity aluminum [19] and a magnesium AZ31 alloy [20, 21] . The results from these experiments are discussed in the following two sections and Sect. 4 provides a direct comparison between these two materials.
2. HPT processing of high-purity aluminum 
HPT processing of a magnesium AZ31 alloy
It is well known that the processing of magnesium is more dicult than aluminum because the hexagonal crystal structure leads to a limited number of slip systems. The diculty in processing magnesium by SPD was demonstrated in early experiments using ECAP conducted on pure magnesium and a magnesium alloy [24] .
Accordingly, these metals with limited slip systems are termed dicult-to-work materials and special techniques are needed in order to successfully process these materials using ECAP [25, 26] .
The present experiments were conducted on an extruded commercial AZ31 magnesium alloy containing 3% Al and 1% Zn. In the unprocessed condition, the initial grain size was ≈ 9.4 µm. Disks were prepared as for high-purity aluminum and these disks were also processed under quasi-constrained HPT conditions [2] at a temperature of 463 K and with an applied pressure of 6.0 GPa. Further details of these experiments are given elsewhere [20, 21] . Separate disks were processed through 1/4, 1 and 5 turns and these disks were then sectioned perpendicular to the upper surfaces for microstructural observations and detailed hardness measurements. 1 turn, and (c) 5 turns, respectively [21] . It is important to note that the processing temperature of 463 K is suciently high that grain renement will occur by dynamic recrystallization where new grains are nucleated along grain boundaries and twin boundaries in a necklace-like appearance and these ner grains will gradually spread across the larger grains of the original structure [27, 28] .
This means that the distribution of grain sizes will be dependent upon the nature of the deformation associated with the HPT processing. Thus, the occurrence of ow localization will be associated with faster deformation rates and with a more rened grain structure. 
A direct comparison of high-purity Al and the AZ31 Mg alloy
These results show that the ability to develop homogeneity in the processing of metals by HPT is dependent upon the crystalline structure of the material. In aluminum where slip processes are easy, the material exhibits excellent homogeneity after processing through more than ≈ 5 revolutions of HPT, whereas in the magnesium AZ31 alloy the numbers of slip systems are limited and there is a high degree of heterogeneity in the processed material. These results are important in view of the current interest in evaluating the degree of structural homogeneity after HPT [29, 30] and especially in the demonstrated potential for using hardness data to correlate a universal plot for HPT processing [31] . 
